Prostate cancer is the second most frequent malignancy diagnosed in adult men. Androgens are considered the primary growth factors for prostate normal and cancer cells. However, other non-androgenic growth factors are involved in the growth regulation of prostate cancer cells. The association between IGF-I and prostate cancer risk is well established. However, there is no evidence that the measurement of IGF-I enhances the specificity of prostate cancer detection beyond that achievable by serum prostate-specific antigen (PSA) levels. Until now, there is no consensus on the possible association between IGFBP-3 and prostate cancer risk. Although not well established, it seems that high insulin levels are particularly associated with risk of aggressive prostatic tumours. This review describes the physiopathological basis, epidemiological evidence, and animal models that support the association of the IGFs family and insulin with prostate cancer. It also describes the potential therapies targeting these growth factors that, in the future, can be used to treat patients with prostate cancer. 
epidemiological evidence and animal models that support the association of the IGFs family and insulin with prostate cancer. We also described the new perspectives in anticancer therapies that, in the future, can be used to treat patients with prostate cancer.
PhySIOPAThOlOgy Of IgfS fAMIly, InSUlIn AnD PROSTATE CAnCER
The physiological development and growth of the prostate is primarily dependent on testosterone and dihydrotestosterone (2) . However, the evidence that low androgen levels do not exclude prostate carcinoma suggests that other growth factors, such as insulin and the IGFs family, also have a role in the prostate carcinogenesis (12) .
The effects of growth hormone (GH) are mediated primarily through the hepatic production of IGF-I. However, GH also has direct effects in vivo that are independent of IGF-I, many of which are exerted through local production of IGFs rather than under the influence of a factor in the circulation (13) . Considering the prostate gland, the effects of the GH-IGF-I axis are exerted via: (a) direct action of GH; (b) hepatic IGF-I; and (c) IGF-I produced locally on the prostate tissue, through autocrine-paracrine action, possibly mediated by increase in the free IGF-I levels due to the action of prostate-specific antigen (PSA) and other proteases.
IGF-I is a potent mitogen for normal and cancerous cells (14) and exerts the mitogenic action by increasing DNA synthesis and by stimulating the cell cycle progression (15) . In addition, IGF-I also inhibits apoptosis (16) . Both IGF-I and, to a less extent, IGF-II have direct mitogenic and anti-apoptotic effects on normal and transformed prostate epithelial cells and have been implicated in the pathogenesis of prostate cancer (17) (18) (19) .
The actions of IGF-I on cell proliferation and apoptosis are mediated via a specific cell-membrane receptor, IGF-I receptor (IGF-IR). Binding of IGF-I to IGF-IR activates the receptor's tyrosine kinase activity, which triggers a cascade of reactions among a number of molecules involved in the signal transduction pathway. Two distinct main signal transduction pathways have been identified. One pathway activates Ras protein, Raf protein and mitogen-activated protein kinase (MAPK). The other pathway involves activation of phosphatidylinositol 3-kinase (PIK3), AKT (or protein kinase B), mTOR (mammalian target of rapamycin) and S6 kinase (S6K) (20, 21) (Figure 1 ).
The interaction between IGF-I and IGF-IR is regulated by the IGF-binding proteins (IGFBPs), so that under circumstances in which IGFBP levels are low, IGF mitogenic activity would be expected to be high (22) . Of the circulating binding proteins, IGFBP-3 is the most abundant one (23) . At the tissue level, IGFBP-3 serves an IGF carrier function, prolonging the half-life of the IGFs and regulating their availability to the cell surface receptors (24) . In addition to its role as an IGF-I modulator, IGFBP-3 also has IGF-independent antiproliferative actions, such as inhibition of cell growth and stimulation of apoptosis (25, 26) . Many proteases that are present in prostate cancer microenvironment, including PSA, human kallicrein 2, trypsin and cathepsin D, can digest IGFBPs and release free IGF-I (27, 28) . The production of proteases by a cancer might therefore increase IGF-IR signaling.
Structurally, IGF-IR resembles the insulin receptor, and there is more than 50% homology between them (29). Because of this homology, insulin and IGF-I are able to cross-bind to each other's receptor or to the hybrid receptors (formed by an insulin half receptor and an IGF-I half receptor), albeit with much weaker binding affinity than that for the preferred ligand (30) . Therefore, besides the classical metabolic actions of insulin, it also exerts proliferative and anti-apoptotic effects. The insulin signaling pathways are the same as the IGF-I's ( Figure 1 ). The demonstration that both IR and IGF-IR are commonly expressed in human prostate cancer specimens (19) implicates insulin and IGF-I signaling in the initiation/progression of prostate cancer. In addition, the demonstration that the GHR is also expressed in prostate carcinoma tissues and that its mRNA levels are higher in carcinoma tissues than in benign prostate hyperplasia suggests that GH may play an important role in human prostate cancer (31) .
The IGFs family also seems to be important in androgen-independent progression of prostate cancer. Activation of alternative autocrine, paracrine, or endocrine stimulatory pathways after androgen withdrawal initiate intracellular signal transduction pathways that can replace androgens for growth and survival of prostate tumor cells, either by bypassing the androgen receptor (AR) all together or by activating the AR. IGF-I, MAPK and AKT promotes non-ligand activation of AR, contributing to proliferation in an androgen depleted environment (32).
IgfS fAMIly AnD PROSTATE CAnCER: EPIDEMIOlOgICAl EvIDEnCE
Retrospective and prospective epidemiological studies conducted in distinct populations have demonstrated that elevated serum IGF-I level is associated with an increased risk of prostate cancer. In 1997, a small Greek case-control study (n = 52) reported a multivariate relative risk (RR) of prostate cancer of 1.91 per 60 ng/ mL increase in IGF-I level (95% confidence interval, CI: 1.00-3.73) (33) . A larger case-control study (n = 210) from Sweden reported a similar positive association between IGF-I level and prostate cancer risk (34) . A RR of 1.51 per 100 ng/mL increase in IGF-I level (95%CI: 1.00-2.26) was observed. In this study, the authors also examined IGFBP-3 and prostate cancer risk, but no significant association was observed.
In the Physicians' Health Study, a prospective epidemiological study, the associations between IGF-I and IGFBP-3 levels and subsequent prostate cancer risk among 152 patients and 152 age-matched controls were investigated (17) . A RR of 4.32 (95%CI: 1.76-10.6), if comparing men in the highest and lowest quartiles of IGF-I, when controlling for IGFBP3, was found. The corresponding RR for IGFBP3 was 0.41 (95%CI: 0.17-1.03). There was a significant linear trend between IGF-I and prostate cancer risk (RR: 2.1 per 100 ng/mL increase in IGF-I level; 95%CI: 1.3-3.2). No substantial change in this association was observed when adjusting for quartiles of weight, height, body mass index (BMI), plasma lycopene, and plasma hormone levels (estradiol, testosterone, dihydrotestosterone, sex hormone binding globulin (SHBG) and androstenediol glucuronide).
To date, five meta-analyses evaluating the association between IGF-I level, IGFBP-3 level and prostate cancer were published ( Table 1 ). The first one (35) analyzed 14 case-control studies, and the combined data showed that circulating levels of IGF-I were significantly higher in prostate cancer patients. The odds ratio (OR) for prostate cancer was 1.47 (95%CI: 1.23-1.77) among men with high IGF-I compared to those with low IGF-I. A meta-analysis of nine prospective studies, that included 1,512 men with prostate cancer, found a similar risk (OR: 1.31; 95%CI: 1.03-1.71) (36) . These findings were less significant than that reported by another meta-analysis that estimated a summary OR of 1.83 (95%CI: 1.03-3.26) for the association of the uppermost categories of serum IGF-I compared to the lowermost (6) .
Recently, a collaborative reanalyzes of individual data from 12 prospective studies (n = 3,700 prostate cancer cases and 5,200 control participants) on the relationships between circulating levels of IGFs and sub- Differently from IGF-I, the association between IGFBP-3 and prostate cancer risk is not a consensus. Considering the five meta-analyses previously mentioned, two of them unexpectedly suggested that IGFBP-3 is positively associated with prostate cancer risk (35, 37) . The probable inverse association between IGFBP-3 and prostate cancer risk was only seen in retrospective, but not prospective studies, so that, when analyzed together, the overall data suggest no evidence for an association of prostate cancer with IGFBP-3 (4). Also, there is little evidence for a role of IGF-II, IGFBP-1 or IGFBP-2 in prostate cancer risk (4) .
Although there is association between higher levels of IGF-I and prostate cancer risk (4, 6, (35) (36) (37) , the addition of IGF-I measurement to the PSA level or free/total PSA index does not seem to enhance the specificity of prostate cancer detection in clinical practice (4, 36) . Also, IGF-I levels are not a useful marker of prostate cancer in men with elevated PSA levels (38, 39) .
The association of acromegaly -a disease characterized by high GH and IGF-I levels -and prostate cancer is described elsewhere in this issue (refer to Corrêa and cols.).
InSUlIn AnD PROSTATE CAnCER: EPIDEMIOlOgICAl EvIDEnCE
Prospective cohort studies showed either no association or prostate cancer risk reduction with elevated Cpeptide or insulin levels (40, 41) . However, one study observed a higher risk of prostate cancer mortality for men with C-peptide levels in the highest versus the lowest quartile (RR: 2.38; 95%CI: 1.31-4.30) (42).
Type 2 diabetes mellitus (T2DM), characterized by both hyperinsulinemia and hyperglycemia, has been related to cancer development in many epidemiological studies. Diabetic patients experience a higher risk of developing colorectal (7), endometrial (43), pancreatic (44) and postmenopausal breast (45) cancer compared with non-diabetic individuals. On the contrary, a history of T2DM has been related to a reduction of prostate cancer risk (46) . However, in a study that included more than 2,000 prostate cancer cases, the inverse association was confined to non-aggressive prostate tumours (47) . This inverse association may be explained by the frequent occurrence of hypogonadism in patients with T2DM (48).
InSUlIn, IgfS fAMIly AnD PROSTATE CAnCER: AnIMAl MODElS
The possibility of studying human prostatic cancer in in vitro and in vivo environment has allowed the development of important tools to study many aspects of the biology of this cancer.
Transgenic mice expressing human IGF-I in basal epithelial cells of prostate have been characterized (49) . Transgene expression led to activation of the IGF-IR and spontaneous tumorigenesis in prostate epithelium. Typical and atypical hyperplasias, prostatic intraepithelial neoplasia and well differentiated adenocarcinomas appeared in these mice. They offer an animal model for prostate cancer that will allow study of the stepwise development of this disease and the mechanisms whereby IGF-I mediates this process.
The Transgenic Adenocarcinoma of Mouse Prostate (TRAMP) model has been used to investigate the role of the GH-IGF-I axis on in vivo prostate carcinogenesis and neoplastic progression. This model was developed using a prostate-specific fragment of the rat probasin regulatory sequence to specifically target expression of the simian virus 40 (SV40) large tumor antigen-coding region in the prostate epithelium (50) . The changes that occur during prostate carcinogenesis in these mice highly resemble human prostate transformation (50) and take place in the setting of normal serum androgen levels (51) . Using the TRAMP model, a mice homozygous for lit, a mutation that inactivates the GHRH receptor (GHRH-R) and reduces circulating levels of GH and IGF-I, was generated (52) . The lit mutation in the TRAMP model significantly reduced the percentage of the prostate gland showing neoplastic changes and was also associated with improved survival. The results suggest that prostate carcinogenesis and progression may be influenced by germ line variation of genes encoding signaling molecules in the GH-IGF-I axis.
Also in the TRAMP model, it was found that the expression of IGF-I mRNA in the prostate is elevated in early cancer progression. Nonetheless, the expression of IGF mRNA is not increased in advanced and metastatic disease, suggesting that only organ-confined disease seems to be IGF-I dependent (53) .
Using a murine model of prostate cancer generated with LNCaP human prostate cancer cells, it was demonstrated that tumors from mice on the high carbohydrate/high fat diet had higher levels of activated AKT and modestly higher insulin receptor levels than tumors from mice on the low carbohydrate/high fat diet. Serum from mice on the high carbohydrate/high fat diet was more mitogenic for LNCaP cells in vitro than serum from mice fed the low carbohydrate/high fat diet. A high diet in refined carbohydrates is associated with increased tumor growth and with activation of signaling pathways distal to the insulin receptor (54) .
nEw PERSPECTIvES In PROSTATE CAnCER ThERAPy TARgETIng ThE Igf fAMIly AnD InSUlIn
Converging data from laboratory, clinical and population studies suggest that the IGFs family is implicated in different cancers. These findings led to the development of novel anticancer therapies targeting this family.
In the last ten years, several drug development researches to design novel agents to target IGF signaling were proposed. Many drug candidates demonstrated antineoplastic activity in laboratory models (55) (56) (57) . Since 2008, dozens of drug candidates are being evaluated in clinical trials. Strategies include a reduction of IGF-I levels or bioactivity, inhibition of IGF-IR function and inhibition of signaling pathways downstream to IGF-IR (Figure 2) .
Reduction of IGF-I levels can be achieved with the use of GH releasing hormone antagonists, somatostatin analogs (e.g. octreotide, pasireotide) and GHR antagonist (pegvisomant). Octreotide, used together with complete androgen blockade, in patients with prostate carcinoma has beneficial results (58) . In vitro, pegvisomant inhibits the proliferation of prostatic cancer cells (59) .
Inhibition of IGF-IR function can be accomplished with the use of inhibitors of IGF-I binding (e.g. antireceptor antibodies), inhibitors of IGF-IR expression (e.g. antisense oligonucleotides, small interfering RNA) and inhibitors of tyrosine-kinase activity (60) . Moreover, inhibition of IGF-IR downstream signaling pathways can be achieved with the use of AKT inhibitors and mTOR inhibitors (61) .
Meanwhile, due to reports documenting insulin receptor on neoplasms and to evidence that higher serum insulin levels are associated with adverse cancer outcomes (42, 62) , the use of metformin in cancer patients is being investigated. Actually, population studies provided preliminary evidence that it might have antineoplastic or chemo preventing activity (63) . Although often referred to as insulin-sensitizer, recent evidence suggests that the key mechanism of action of metformin is as an activator of the AMP-activated protein kinase (AMPK) pathway (64) . By activating AMPK in the liver, it suppresses gluconeogenesis, leading to decreased hepatic glucose output and therefore to reduced blood glucose and insulin levels. In addition, metformin can increase AMPK activity in neoplastic cells, leading to downstream effects that include inhibition of mTOR signaling, protein synthesis and cell proliferation (Figure 3 ).
COnClUSIOnS
The association between IGF-I and prostate cancer risk is well established. In addition, a stronger association of IGF-I with more aggressive and advanced prostate cancers, when compared to nonaggressive and localized ones, is suggested. However, there is no evidence that the measurement of IGF-I enhances the specificity of prostate cancer detection beyond that achievable by the currently used serum PSA levels. Until now, there is no consensus on the possible association between IGFBP-3 and prostate cancer risk. Although not well established, it seems that high insulin levels are particularly associated with risk of aggressive prostatic tumours. The development of drugs targeting IGF family and insulin represents a new perspective in the prostate anticancer therapy.
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